INTRODUCTION
The Hymenoptera is one of the largest orders of class Insecta comprising over 100,000 species. Genus Apis is most familiar for us and contains about ten honeybee species (LaSalle & Gauld, 1993; Tan et al., 2011) . Apis cerana F. is a bee species distributed mainly in Asia and closely related to species of Apis mellifera L. A. cerana was earlier considered as a sub-species of honeybees A. mellifera (Buttel-Reepen, 1906; Rinderer, 1986; Tan et al., 2011) but later, based on behavioral, morphological and genetic characteristics, A. cerana and A. mellifera were suggested to be sister species (Cameron, 1993; Engel & Schultz, 1997; Arias & Sheppard, 2005; Raffiudin & Crozier, 2007) . A. cerana occurs sympatrically with Apis florea F. within the same area in southern Asia and inhabits allopatrically with A. mellifera, whose native area is Africa, Europe
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Phylogenetics of Korean Apis cerana and central and western Asia (Ruttner, 1988; Crane, 1999; Hepburn & Radloff, 2011; Koetz, 2013) . The native area of A. cerana encompasses a wide range of climatic zones from southern tropical to northern coniferous taiga forests (Hepburn & Radloff, 2011; Koetz, 2013) . The current area of A. cerana has expanded across the world due to human interference (Koetz, 2013) . A. cerana is considered to be subdivided into twenty-two subspecies: A. c. cerana, A. c. skorikovi, A. c. abaensis, A. c. hainanensis, A. c. indica, A. c. japonica, A. c. bijjieca, A. c. cathayca, A. c. fantsun, A. c. heimifeng, A. c. himalaya, A. c. javana, A. c. johni, A. c. kweiyanga, A. c. maerkang, A. c. nuluensis, A. c. pekinga, A. c. peroni, A. c. philippina, A. c. samarensis, A. c. shankianga, A. c . twolareca (Pesenko et al., 1989; Zhuang, 1989; Zhen-ming et al., 1992; Diniz-Filho, Malapsina & Pignata, 1993; Engel, 1999; Sugawara, 2000; Hepburn et al., 2001; Takahashi & Yoshida, 2003; Radloff et al., 2010; Takahashi et al., 2016) . The taxonomy of A. cerana is controversial because some subspecies are not widely accepted. Three A. cerana subspecies, A. c. cerana, A. c. japonica and A. c. indica, are predominant and used for apiculture in Asia (Radloff et al., 2010) . These subspecies could have originated as a result of migration and following geographic isolation in different parts of Asia. Previously, it was assumed on the basis of mtDNA analysis that subspecies A. c. japonica originally had come to Japan from the Korean peninsula (Sugawara, 2000; Takahashi & Yoshida, 2003) . Honeybee A. cerana is an important and famous pollinator of crops in Asia and a producer of honey, wax, royal jelly and bee pollen (Behura, 2007) . A. cerana matches A. mellifera in commercial use value and has high potentials for further genetic improvement by selective breeding based on molecular markers. Now A. cerana is threatened across its native area due to the spreading of Korean Sacbrood Virus (kSBV) and importing of A. mellifera (Choi et al., 2010; Koetz, 2013; Vung et al., 2017) . Molecular genetic studies allow the development of basic strategies for A. cerana conservation. Mitochondrial DNA (mtDNA) markers are useful instruments in phylogenetic reconstruction and evolutionary research of Hymenoptera (Cornuet, Garnery, & Solignac, 1991) . The mtDNA with direct maternal inheritance and without recombination allows research on a phylogeny for the animal species. MtDNA has demonstrated to be a useful tool in inter-and intra-specific phylogenetic studies of honeybees (Garnery, Cornuet & Solignac, 1992; Garnery et al., 1995; Arias & Sheppard, 1996; Songrarn, Sittipraneed, & Klinbunga, 2006; Tan et al., 2011) . The exact number of A. cerana subspecies is unclear now, so it is especially exciting to research island and peninsula A. cerana populations. A. cerana populations from the Korean peninsula and Taiwan Island have not an exact taxonomical status yet. These populations possibly belong to separate A. cerana subspecies and have genetic differences from the mainland A. c. cerana population and the island A. c. japonica population. The previous studies on mtDNA loci have not provided information concerning phylogenetic differentiation of Korean A. cerana population (Tanaka et al., 2001; Zhao et al., 2013; Lee et al., 2016) . We assumed that differences in Korean A. cerana populations could be found through comparative analysis of complete mtDNA. In this work, we determined the complete mtDNA sequence of A. cerana from the Jeollanam-do Province of South Korea. Phylogenetic analysis based on comparative analysis of the complete mtDNA sequence of Korean, Japanese, Chinese and Taiwan A. cerana population was performed. Our findings can be useful to explain the origin and migration of A. cerana populations.
MATERIAL AND METHODS
Adult honeybee workers of A. cerana were collected from a hive in an apiary at the Hakjungri District, Gokseong-eup Town, Gokseong-gun County, Jeollanam-do Province, South Korea. The genomic DNA was extracted from the thoracic muscle tissue with the Wizard Genomic DNA Purification Kit (Promega, Madison, WI, USA) according to the manufacturer's recommendations. The DNA samples were stored at -20ºC until further use. Genomic libraries were prepared with the Nextera DNA Library Preparation Kit (ILLUMINA, United States) according to the instructions of the manufacturer. Sequencing was prepared with the NextSeq 500/550 High Output Kit v2 (75 cycles) (ILLUMINA, United States) following the instructions of the kit. Complete mitochondrial DNA was sequenced with paired-end read runs (2 x 150 bp) using the Illumina's Next Seq 500 (ILLUMINA, United States) following the instructions of the reagents at the Department of Life Sciences of Kyoto Sangyo University. The 1,662,000 reads were obtained with seventy-five medium coverage level and were assembled by the Geneious R9 (BIOMATTERS, New Zealand) and annotated using the MITOS web server (Bernt et al., 2013, Germany) , and resultant mtDNA consisting of 15,925 bp was uploaded into the DDBJ/Genbank database (AP018431). The phylogenetic analysis was performed using the MEGA7 software (Kumar et al., 2016) based on the nucleotide sequences of complete mtDNA.
To explore the phylogeny of Korean A. cerana, additional A. cerana samples were taken from the DDBJ/Genbank database: GQ162109, KM244704 (A. c. cerana, China, Yunnan) (Tan et al., 2011) , AP017983 (A. cerana, China, Jiangsu) (Okuyama et al., 2017) , AP017314 (A. c. japonica, Japan, Kyoto) (Takahashi et al., 2016) , AP017941 (A. c. japonica, Japan, Amami), AP017985 (A. c. japonica, Japan, Tsushima), AP017984 (A. cerana, Taiwan, Taipei) (Okuyama et al., 2017) (Fig. 1) . The GQ162109 (A. c. cerana, China, Yunnan) (Tan et al., 2011) was used as the reference sequence, and JX982136, KC170303 (A. florea, ancestral species) (Lindaur, 1956 ) -as outgroup sequences. Pairwise nucleotide sequence divergences were estimated using the Unipro UGENE 1.28 (UNIPRO, Russia) and the CLC Genomics Workbench 11 (CLCbio, Denmark) on the basis of complete mtDNA sequences using the Jukes-Cantor (Jukes & Cantor, 1969) , Tamura-Nei (Tamura & Nei, 1993) and the p-distance models (Nei & Kumar, 2000) . 
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Phylogenetic tree constructed using the Reltime method (Tamura et al., 2012) and branch lengths estimated inferred using the Neighbor-Joining method (Saitou & Nei, 1987) based on the JukesCantor model with 1000 bootstrap replications (Saitou & Nei, 1987) . The morphological tests of A. cerana samples were performed using the Statistica 8.0 statistical package (StatSoft Power Solutions, Inc., USA) based on the well-known methods of multivariate analysis -factor analysis (principal component analysis, PCA) and cluster analysis (Neighbor-Joining (NJ) clustering method based on the Euclidean distances) of the previously published morphological data (forewing's length and width, cubital index, hindleg length, metatarsal index, and the length of tergite 3+4 th ) of the Korean (N=40), Chinese (N=124) and Japanese (N=8) A. cerana samples (Lee & Choi, 1986; Ruttner, 1988; Ken et al., 2003) which were measured according to the methods described by Ruttner (1988) .
RESULTS
The complete mtDNA of Korean A. cerana have not been studied and published. The last comparative research of A. cerana populations from China, Indonesia, Korea, Malaysia, Russia, Taiwan, Thailand, Vietnam and Japan based on the NC1 non-coding intergenic region of mtDNA found nine haplotypes of NC1 region, ten haplotypes of NC2 region and seventy-eight haplotypes of COX1 gene which could not be differentiated Korean A. cerana (Tanaka et al., 2001; Zhao et al., 2013; Lee et al., 2016) . The complete mtDNA of Korean A. cerana is 15,925 bp and contains local DNA regions of high and low compositional complexity. The complexity of DNA depends on features of the sequence A, T, G, C nucleotides. Local DNA regions include different types of nucleotide clusters, some of which contain AT-rich and GC-rich regions, short tandem repeats or aperiodic mosaics of all nucleotides. The low local complexity regions alternate by high local complexity. An equable distribution of high and low local complexity loci throughout the complete mtDNA sequence can be observed on the complexity and GC-content plots (Fig. 2) . The GC-content (guanine-cytosine content) plot have been constructed for the Korean A. cerana complete mtDNA (Fig. 2) . GC-content is usually expressed as a percentage value, but sometimes as GC-ratio. The GC-content percentage is calculated as the AT/GC-ratio. The major properties of the mtDNA of Korean A. cerana were calculated (Tab. 1). Overall, it comprises 42.3% A, 41.8% T, 6.2% G, and 9.7% C, contains at most AT (84%) and at least CG (16%), which very similar to A. c. japonica (AP017941, AP017985, AP017314), A. c. cerana (AP017984, AP017983, KM244704, GQ162109) (Tan et al., 2011; Takahashi et al., 2016; Okuyama et al., 2017) , A. m. ligustica (NC_001566) (Crozier & Crozier, 1993) , A. m. caucasica (AP018404), A. m. carpathica (AP018403), A. m. meda (KY464957) and A. m. syriaca (GenBank -KY926882). Korean A. cerana mtDNA is characterized by the highest frequencies of AA, AT, TT and TA dinucleotides (>16% each) and lowest frequencies of GG, GC, CG dinucleotides (<1% each). This may be a consequence of AT-richness of most honeybee mtDNA. The genes of Korean A. cerana were identified on the basis of similarity with the structural organization of A. mellifera mtDNA. We constructed the circular physical map of the complete mtDNA of Korean A. cerana (Fig. 3) . The thirteen protein-coding genes, two ribosomal RNA genes, twenty-two tRNA genes, and AT-rich region Phylogenetics of Korean Apis cerana , tRNA-Leu (TAG) , tRNA-Lys, tRNA-Ser (TCT) ) are the least polymorphic and less informative for phylogenetic studies of A. cerana. The remaining 11 tRNA genes (tRNA-Gln, tRNA-Gly, tRNA-His, tRNA-Met, tRNA-Phe, tRNA-Pro, tRNA-Ser (TGA) , tRNA-Thr, tRNA-Trp, tRNA-Tyr, tRNA-Val) are conservative between A. cerana subspecies (Tab. 3). The ratio of transitions/transversions and the number of amino acid substitutions were counted between Korean and all other A. cerana samples (Tab. 4). Korean A. cerana differs the most from Taiwanese A. cerana (AP017984) (258 transitions, 58 transversions and 86 amino acid replacements) and the least from Japanese A. cerana (AP017314) (48 transitions, 13 transversions, and 30 amino acid replacements) (Tab. 4). Four non-coding regions (NC1-NC4) were described in the mtDNA of A. cerana (Tan, Warrit, & Smith, 2007; Lee et al., 2016) . Non-coding region NC2 in A. cerana (86-93 bp) was found for the first time in the A. mellifera mtDNA (Crozier & Crozier, 1993; Cornuet et al., 1991) 
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Based on the comparative analysis of complete mtDNA sequences of A. cerana and A. florea samples, the phylogenetic tree has been constructed (Fig. 5) . All A. cerana samples were subdivided into four separate groups according to their geographical habitat: China, Taiwan, Korea, and Japan. This divergence of mtDNA could be a result of their long-term geographical isolation. The magnitude of genetic divergences of A. cerana samples can be visualized by the median network. The median network was constructed on the basis of transversions in all protein-coding genes of mtDNA in comparison with reference to the A. cerana sample (Fig. 6 ). All transversions on the median network were placed on lines connecting samples. The length of the lines on the median network depends on the number of transversions. Amino acid replacements are presented on the lines of the median network also (Fig. 6 ). 
DISCUSSION
Most DNA sequences can be evaluated using comparative analysis between species, subspecies, ecotypes, and populations. Comparative analysis of mtDNA allows differences to found among all compared samples and is useful for taxonomic, population genetic, phylogenetic and phylogeographic studies. The complexity, GC/AT-content, dinucleotides, repeats, structure and synteny of genes are usually analyzed for each sequenced genomes (Fig. 2) . For the most part, GC-content characterizes the stability of the DNA sequence. The G≡C pair is bound by three hydrogen bonds, while A=T pairs are bound by two hydrogen bonds. Thus, the DNA with lower GC-content is less stable than DNA with higher GC-content. However, the hydrogen bonds themselves do not have a particularly significant impact on stabilization, and the stabilization is due mainly to interactions of base stacking. GC-content in genetics is the percentage of guanine or cytosine nitrogenous bases on a DNA molecule. We have found that GC-content is variable over the entire length of mtDNA of A. cerana (Fig. 2) . Probably, GC-content variation is the result of a mosaic-like distribution of GC-rich regions. The complexity of A. cerana mtDNA is directly proportional to the GC-content and varied over the entire length of mtDNA. GC-content of protein-coding genes in A. cerana mtDNA is directly proportional to their length. Thus, long genes have more complexity than short genes. The complexity of DNA can be represented as a heterogeneity, which is characterized by the domains within a domain. The spatial heterogeneity of the nucleotide composition and the long-range correlation of the DNA sequence can increase the complexity of the mtDNA (Fig. 2) (Tan et al., 2011) . Martin (1995) and Belle et al. (2005) showed that high AT-content of animal mtDNA is correlated to metabolic rate. The metabolic rate could affect AT-content through the mutagenic Phylogenetics of Korean Apis cerana effects of oxygen free radicals, which are released in the mitochondria during aerobic respiration. Oxygen free radicals have mutagenic effects and lead to the replacement of GC with AT (Lindahl, 1993; Belle et al., 2005) . Additionally, high AT-content can be due to frequent replacements of 5-methylcytosine and 6-methylguanine in CG pairs by AT pairs in mtDNA (Clary & Wolstenholme, 1985; Crozier & Crozier, 1993) . Dinucleotides are involved in the formation complexity of mtDNA as well. Our calculated frequencies of each nucleotide, dinucleotides and AT/GC-content over the entire length of the mtDNA of Korean A. cerana makes it possible to explain DNA complexity. Some dinucleotides can increase the complexity of mtDNA. We found that AT-content and dinucleotides AA, AT, TA, TT are represented in highest frequency in Korean A. cerana mtDNA, due to which the complexity of mtDNA decreases to the average level 35% (Tab. 1). The visualization of complete mtDNA plays an important role in the characterization of the genome because the circular structure allows the quick finding of genes, their flanking regions, and physical co-localization (synteny). The circular map of complete mtDNA can help to compare complete genomes. Thus, the comparative analysis of A. cerana and A. mellifera (NC_001566) circular structures of mtDNA allow us to find some differences in gene arrangement and direction. The mtDNA map is able to facilitate the comparison of mtDNA of different species, for example between Korean A. cerana, A. mellifera (NC_001566) (Crozier & Crozier, 1993) and Drosophila yakuba (NC_001322) (Clary & Wolstenholme, 1985) . The protein-coding genes, the rRNA genes, and AT-rich control region of A. cerana are all at the same positions relative to the D. yakuba and A. mellifera mtDNA maps. However, fourteen tRNA genes of A. cerana are in altered positions relative to the D. yakuba, two tRNA genes (tRNA-Glu and tRNASer (TCT) ) in altered positions relative to the A. mellifera and one tRNA gene (tRNA-Arg) have a reverse direction. Probably these differences in the synteny of tRNA genes are the result of translocational mutation between these species. Some overlapping mtDNA genes have incomplete termination codons. Incomplete termination codons are known to be a general feature of animal mtDNAs, which can be completed by polyadenylation mechanism in their transcripts. Only Cnidaria species do not contain overlapping mtDNA genes due to their early divergence before the origin of the cleavage-polyadenylation mechanism. Cnidaria species have an alternative mechanism for the synthesis of mitochondrial mRNAs (Wolstenholme, 1992) . The Korean A. cerana mtDNA has guanine as the rarest nucleotide (6.2%) and more similar with mtDNA of Echinoderm species than with mtDNA of D. yakuba with the rarest nucleotide cytosine (Wolstenholme, 1992) . The transition/transversion ratio (ts/tv) in the mtDNA of Korean A. cerana is relative to the reference sequence (GQ162109) is 2. It is known that ts/tv is different in the various species. For example, the average ts/tv in Mus musculus is 2 (Lindblad-Toh et al., 2000) , in Pan troglodytes is 11, in Gorilla gorilla 6, in Homo sapiens 14 (Belle et al., 2005) , in D. melanogaster, D. simuluns, D. pseudoobscura 2 (Moriyama & Powell, 1996) , in D. silvestris 16 (DeSalle et al., 1987) , in D. yakuba 5 (Clary & Wolstenholme, 1985) , in D. melanogaster 2 (Seplyarskiy et al., 2012) and in A. mellifera 2 (Crozier & Crozier, 1993) . The ratio of the transitions to transversions is higher mainly in mammals than in insects with the exception of M. musculus and D. silvestris. Thus, ts/tv of Korean A. cerana mtDNA is similar with those of four insects species D. melanogaster, D. simuluns, D. pseudoobscura, A. mellifera and one mammal species M. musculus and less in comparison with two insects species D. silvestris, D. yakuba, and three mammal primate species. Such a high level of ts/tv in some insect species can be explained by a high mutation rate in their genome due to the action of viruses or bacterias like Wolbachia. An analysis of intergenic sequences can be very informative in phylogenetic studies since their exclusion from natural selection. A comparative analysis of NC1 and NC2 non-coding intergenic region sequences of Korean A. cerana (AP018431) with GenBank data found similarity with haplotypes ACNC107, ACNC103 of NC1 region and Japan01 of NC2 region (Fig. 4) . The sequence of the non-coding intergenic region NC1 of Korean A. cerana (AP018431) differ from haplotype ACNC107 by one transition 28A>G, relative to the sequence KP064865, and differ from haplotype ACNC103 by one deletion 84delA, relative to the sequence KP064865. This new NC1 haplotype of Korean A. cerana (AP018431) had not been known before and is named ACNC110 (Fig. 4) . The previous investigation of NC2 region in the Korean A. cerana population found four Korean haplotypes (Korea11, Korea12, Korea13, Korea14) and one common Asian mainland haplotype (Japan1) (Lee et al., 2015) . The Japan1 haplotype was found in A. cerana populations of Japan, China, Vietnam, and Thailand. Korean A. cerana (AP018431) along belongs to the common haplotype Japan1. Such a wide distribution of Japan1 haplotype could be explained as the result of the gene flow and the consequence of a common genetic origin of most A. cerana populations in mainland Asia. Thus, the NC2 region could not be used successfully in population genetic studies of A. cerana. A previous comparative analysis of the COX1 gene of A. cerana in Asia found two groups of haplotypes. The first group of A. cerana haplotypes was lineage A (Mainland group) with three sublineages -Taiwan, CH, HN, and JKR. The second group of A. cerana haplotypes was lineage B (Sundaland group) with two sublineages -Indonesia and IM (Smith, Warrit, & Hepburn, 2004; Zhao et al., 2013) . The COX1 gene of the Korean A. cerana (AP018431) sample was identical to the Korean (AF153108) and Japanese (AF153109) A. cerana samples belonging to the JKR sublineage of lineage A (Tanaka et al., 2001; Zhao et al., 2013) . The joint grouping of Korean and Japanese A. cerana can be explained by the common historical origin of all A. cerana populations and high conservativeness of the COX1 gene among subspecies. The COX1 gene is known to be more useful for interspecific than intraspecific studies. Studies have shown that mtDNA evolves ten times faster than nuclear DNA, and changes mainly occur in the intergenic control regions (Wilson, 1976; DeSalle et al., 1987; Arias & Sheppard, 1996; Tanaka et al., 2001 ). The speciation process cannot always be accompanied by changes in coding genes. In most cases, a significant divergence can be found in intergenic control regions (Wilson, 1976) , which can be detected by differences in gene expression (Kartavtsev, 2009 ). For example, some fish species have a low divergence in enzyme sequences (Nei's genetic distance 0.01 -0.08) (Nei, 1987 ) and a high difference in enzyme expression (differences 27 -32%), which can be explained by a divergence in gene control regions (Kartavtsev, 2009) . The speciation process is always accompanied by increased genetic distances and genetic divergence between populations. Closely related taxa are characterized by a similarity of genetic distances and genetic divergence on each level of speciation. Vavilov (1951) stated in his law of homologous series that a particular variation observed in one species is also expected to be available in its related species. From this, related species should have a similar level of genetic variability, which can be observed in different insect species (Tab. 6). Based on the data from the table, we have counted ranges of inter-and intraspecific genetic distance and genetic divergence in different insect taxa (Tab. 6). We assumed that the level of genetic divergence between individuals within subspecies of insects varied from 0.00% to 0.80%, and the genetic distance from 0.000 to 0.005. The level of genetic divergence between subspecies within insect species varied from 0.80% to 8.00%, and the genetic distance from 0.005 to 0. 100. The level of genetic divergence between species within genera of insects varied from 8.00% to 17.00%, and the genetic distance from 0. 100 to 0.200 (Tab. 6). Korean A. cerana (AP018431) genetically differed less from Chinese Yunnan (GQ162109) (1.35%), Japanese Kyoto (AP017314) (1. 15%), and Japanese Amami (AP017941) (1.88%) samples, and differed more from the Chinese Jiangsu sample (AP017983) (4.02%), Japanese Tsushima sample (AP017985) (4.64%) and Taiwanese Phylogenetics of Korean Apis cerana (Ruttner, 1988) , the Korean (N=40), Chinese (N=124) and Japanese (N=8) A. cerana samples (Ken et al., 2003; Lee & Choi, 1986 ) are observed to be grouped separately from each other on the tree and plot diagrams. The Japanese samples most differed from both Chinese and Korean samples. The similar grouping patterns of A. cerana on both tree and plot diagrams support morphological data (Fig. 7 A, B) . Analogous differentiation of Korean, Chinese and Japanese populations of A. cerana can were obtained through nuclear gene studies. We analysed VG (Vitellogenin) (~6,000 bp) and EF1-α (Elongation factor 1-alpha) (~2,000 bp) genes of nuclear DNA which had been previously used in the phylogenetic studies of honeybees (Arias, & Sheppard, 2005; Ramírez et al., 2010; Kent et al., 2011; Ilyasov, Poskryakov, & Nikolenko, 2015) . On both tree diagrams (Jukes-Cantor distances, Neighbor-Joining method) constructed by CLC Genomics Workbench 11, the Korean, Japanese and Chinese A. cerana samples were grouped Phylogenetics of Korean Apis cerana separately from one another. The species of honeybees A. mellifera (Amel_4.5), A. dorsata (Apis dorsata 1.3) and A. florea (Aflo_1.0) were used as out-group samples (Fig. 8 A, B) . One sample of Chinese A. c. cerana (ApisCC1.0) have a similarity with Japanese A. c. japonica (Apiscer_1.0) but they still differ at the subspecies level. Chinese samples of A. cerana vary from one another. The territory of China is assumed to be possibly inhabited by different subspecies of A. cerana due natural selection of bees in different climatic zones (Tanaka et al., 2001; Ken et al., 2003; Smith, Warrit, & Hepburn, 2004; Tan, Warrit, & Smith, 2007; Zhao et al., 2013; Lee et al., 2016) . The previous statement that subspecies A. c. japonica originally came to Japan from the Korean peninsula (Sugawara, 2000; Takahashi & Yoshida, 2003) does not contradict this assumption that A. cerana from Korea and Japan are distinct subspecies. The common origin of different subspecies is possible and it is a law of evolutionary transformation. The process of speciation always begins from the division of a common population and further isolation, and the isolation time and distance between populations play a decisive role. The level of divergence between populations depends on the time of isolation because as it increases so does genetic divergence due to the accumulation of mutations in each population. Genetic divergence between populations comprises both neutral and non-neutral variations. Genetic variation between spatially separated populations is generated by the stochastic and nonstochastic accumulation of mutations and the hitchhiking of neighboring neutral variation at loci under selection in consequence of genetic drift and natural selection. It is evaluated that the divergence in time between A. cerana populations of the mainland and Pacific Ocean islands is about 17,000 years (Voris, 2000; Zhao et al., 2013) . There is the geographical isolation by sea and mountains and isolation by distance between Korean, Japanese and Chinese A. cerana populations. The distance between the Korean and Japanese populations of A. cerana is about 180-388 km. During this period their isolation could be sometimes partially disrupted by human activity and climatic changes, which could not totally destroy their aboriginal gene pool. Two possible ways are assumed for the historical migration of A. cerana into north-east Asia (Fig. 1) . The first way was the predominantly natural migration of A. cerana in the period when the sea level fell below 100 meters about 0.02 and 0.25 million years ago due to glaciation (Voris, 2000; Zhao et al., 2013) (Fig. 1) . The second way was a predominantly artificial migration of A. cerana in the period, when there was a mass migration of humans to north-eastern Asia across the sea about 0.02 and 0.03 million years ago (Jinam et al., 2012) (Fig. 1) . There are different hypotheses about the divergence time of A. cerana and A. mellifera. Morphological studies assumed that the divergence of A. cerana and A. mellifera occurred two million years ago (Ruttner & Maul, 1983) , mtDNA studies four million years ago (Smith, 1990) and nuclear DNA studies six million years ago (Willis, Winston, & Honda, 1992; Wallberg et al., 2014) . The divergence time of A. mellifera subspecies was assumed at 0.30 million years ago on the basis of 8.3 million SNPs (Wallberg et al., 2014) . It is assumed that the 2.3% difference in mtDNA corresponds to the divergence one million years ago (HsuChen, Kotin, & Dubin, 1984; DeSalle et al., 1987; Arias & Sheppard, 1996; Tanaka et al., 2001 ). According to this assumption, Korean, Japanese, and Chinese A. cerana diverged about one million years ago, and Taiwanese A. cerana about two million years ago. We assumed that A. cerana subspecies divergence occurred about 0.3 -1 million years ago, similarly to A. mellifera. On the phylogenetic tree, Korean and Japanese A. cerana samples were grouped together in one common cluster (Fig. 5) . However, within this cluster Korean and Japanese A. cerana subdivided separately. Chinese A. cerana samples were combined into the second distinct cluster. Korean A. cerana was located in the middle position between Japanese and Chinese A. cerana groups. The middle position of Korean A. cerana can be explained by the historical process of migration from mainland Asia to north-east Asia into the Japanese archipelago through Korean peninsula according to the first way of migration ( Fig. 1) (Takahashi & Yoshida, 2003) . Taiwanese A. cerana were located separately from all Japanese and Chinese A. cerana groups on the phylogenetic tree (Fig. 5) . On the median network graph, all A. cerana samples were subdivided into four groups. Taiwanese A. cerana sample most differs Phylogenetics of Korean Apis cerana from the reference sequence (GQ162109) and contains fifty-seven transversions in proteincoding genes, thirteen of which led to the amino acid replacements. The genetic remoteness of Taiwanese A. cerana from other mainland and island A. cerana populations has been observed by other researchers on the basis of COX1 mtDNA gene polymorphism (Zhao et al., 2013) . All Chinese A. cerana samples on the median network combined into one common group. Chinese A. cerana sample from Jiangsu are located separately from all the other Chinese A. cerana samples on both the phylogenetic tree and the median network and differs from them by three transversions in positions 8067A>T and 8392A>T (Met>Lys) in ND5 gene and by 12010A>T (Met>Leu) in CYTB gene, relative to the reference sequence (Fig. 6) . The Japanese A. cerana sample from Tsushima is located separately on both the phylogenetic tree and the median network and differs from other Japanese A. cerana samples by transversions 5823C>A (Ala>Glu) in the COX3 gene and by 6886C>A (Ser>Met) in the ND5 gene. This difference can be explained by a different time of isolation from one another. Korean and Japanese A. cerana samples combined into one common branch, but they are located separately within it. The split point of Korean and Japanese A. cerana is assumed to be a common ancestor, which differs from the reference sequence by five transversions. Korean and Japanese A. cerana samples differ from each other by twenty transversions in protein-coding genes, twelve of which led to the amino acid replacements (Fig. 6) . Thus, based on comparative analysis of complete mtDNA (~16,000 bp), two nuclear gene VG and EF1-α sequences (~8,000 bp) and morphological measurements (six parameters) we assume that Korean A. cerana, Chinese A. c. cerana and Japanese A. c. japonica are different subspecies at an early stage of sub-speciation. The representatives of the Korean population of A. cerana could be called further as a subspecies of Apis cerana koreana. Additional population genetic analysis must be provided to prove the gene pool homogeneity of A. c. koreana population.
